L-Arabinose is one of the main constituents of cell wall polysaccharides such as pectic rhamnogalacturonan I (RG-I), glucuronoarabinoxylans and other glycoproteins. It is found predominantly in the furanose form rather than in the thermodynamically more stable pyranose form. UDP-L-arabinofuranose (UDP-Araf), rather than UDP-L-arabinopyranose (UDP-Arap), is a sugar donor for the biosynthesis of arabinofuranosyl (Araf) residues. UDP-arabinopyranose mutases (UAMs) have been shown to interconvert UDPAraf and UDP-Arap and are involved in the biosynthesis of polysaccharides including Araf. The UAM gene family has three members in Oryza sativa. Co-expression network in silico analysis showed that OsUAM3 expression was independent from OsUAM1 and OsUAM2 co-expression networks. OsUAM1 and OsUAM2 were expressed ubiquitously throughout plant development, but OsUAM3 was expressed primarily in reproductive tissue, particularly at the pollen cell wall formation developmental stage. OsUAM3 coexpression networks include pectin catabolic enzymes. To determine the function of OsUAMs in reproductive tissues, we analyzed RNA interference (RNAi)-knockdown transformants (OsUAM3-KD) specific for OsUAM3. OsUAM3-KD plants grew normally and showed abnormal phenotypes in reproductive tissues, especially in terms of the pollen cell wall and exine. In addition, we examined modifications of cell wall polysaccharides at the cellular level using antibodies against polysaccharides including Araf. Immunolocalization of arabinan using the LM6 antibody showed low levels of arabinan in OsUAM3-KD pollen grains. Our results suggest that the function of OsUAM3 is important for synthesis of arabinan side chains of RG-I and is required for reproductive developmental processes, especially the formation of the cell wall in pollen.
Introduction
L-Arabinose (L-Ara) is one of the main constituents of polysaccharide components of cell walls such as pectic rhamnogalacturonan I (RG-I), glucuronoarabinoxylan and other glycoproteins. It is found predominantly in the furanose form rather than in the thermodynamically more stable pyranose form. UDP-arabinofuranose (UDP-Araf), rather than UDParabinopyranose (UDP-Arap), is a sugar donor for the biosynthesis of arabinofuranosyl (Araf) residues (Konishi et al. 2006) . UDP-arabinopyranose mutases (UAMs) have been shown to interconvert UDP-Araf and UDP-Arap and are involved in the biosynthesis of polysaccharides including Araf . UDP-Arap is made from free L-Ara via L-Ara 1-phosphate in the salvage pathway, in which two cytosolic enzymes, L-arabinokinase and UDP-sugar pyrophosphorylase (USP), are involved. UAMs are likely to act on the UDP-L-Arap in the cytosol. UAM genes have been shown to be identical to the genes that encode plant proteins referred to as reversibly glycosylated polypeptides (RGPs) in various species, including pea (Pisum sativum; Dhugga et al. 1991 , Dhugga et al. 1997 , Arabidopsis thaliana (Delgado et al. 1998) , cotton (Gossypium hirsutum; Liu 2002, Wu et al. 2006) , maize (Zea mays; Singh et al. 1995) , potato (Solanum tuberosum; Bocca et al. 1999) , wheat (Triticum aestivum; Langeveld et al. 2002) and tomato (Solanum lycopersicum; Selth et al. 2006) . These proteins are reversibly glycosylated in the presence of UDP-glucose and other UDP-sugars (Dhugga et al. 1991) .
Rice UAMs are encoded by a small gene family comprising three members: OsUAM1, OsUAM2 and OsUAM3. OsUAM1 and OsUAM3 have mutase activity, but OsUAM2 does not. OsUAM2 may form an OsUAM complex with OsUAM1 in vivo ). Arabidopsis plants carrying null mutations in genes encoding RGPs exhibit significantly reduced amounts of Ara in their cell walls compared with wild-type plants and show severe developmental defects (Drakakaki et al. 2006 , Rautengarten et al. 2011 . In a previous study, down-regulated expression of OsUAM genes resulted primarily in decreased Araf content in arabinoxylan in vegetative tissues.
Depleting the Araf content of arabinoxylan may reduce the amounts of ester-linked ferulic acid and p-coumaric acid, and thereby alter the extent to which arabinoxylan is cross-linked within the cell wall. These results suggested that Araf residues in arabinoxylan are required for normal plant growth and development during vegetative growth (Konishi et al. 2011) .
In reproductive tissues, in contrast, the components of the cell wall are different from those in vegetative tissues. The mature pollen cell wall is a multilayered structure with a pectocellulosic intine surrounded by a sporopollenin-based exine (Scott et al. 2004) . Recent genetic studies showed that callose and pectin play important roles in Arabidopsis pollen cell wall biosynthesis and regulation , Dong et al. 2005 , Enns et al. 2005 , Jiang et al. 2005 , Nishikawa et al. 2005 , Francis et al. 2006 , Tian et al. 2006 , Chen et al. 2007 ). Other cell wall-related genes, such as USP and monosaccharide transporter, were reported to be important for pollen development (Truernit et al. 1999 , Goubet et al. 2003 , Schneidereit et al. 2003 , Schneidereit et al. 2005 , Schnurr et al. 2006 , Kotake et al. 2007 . Arabidopsis RGP1 and RGP2 were also reported to be essential during pollen development (Drakakaki et al. 2006 , Rautengarten et al. 2011 . Their double mutant showed a lethal phenotype and single gene disruptions did not show an obvious phenotype (Drakakaki et al. 2006) . Hence, few studies have described the function of arabinose side chains in reproductive tissue, particularly in the cell wall of pollen. In Arabidopsis, severe phenotypes in reproductive tissues might be side effects from the vegetative phenotype because the cell walls of both vegetative and reproductive tissues were rich in pectins. On the other hand, pectin comprises a minor constituent in vegetative tissues in grasses (Carpita 1996) . Rice has the advantage of being able to be used to identify the phenotype of reproductive tissue without side effects.
In this study, we investigated the role of arabinan and OsUAM in reproductive tissues using OsUAM RNA interference (RNAi)-knockdown transformants (OsUAM-KD), which showed mild down-regulation of OsUAM gene expression with little effect on developmental processes of vegetative tissues. We selected OsUAM3-specific KD transformants (OsUAM3-KD) from among the OsUAM-KD lines. In this study, we used these transformants to examine the functions of UAM in reproductive developmental processes and showed that OsUAM3 is expressed in reproductive tissues and is involved in the biosynthesis of the pollen cell wall.
Results
OsUAM3 is expressed in reproductive organs, particularly in anthers Three rice UAM genes were shown previously to be identical to genes that encode the plant proteins referred to as RGPs (Langeveld et al. 2002 ). These genes were named OsUAM1 (Os03g0599800), OsUAM2 (Os04g0660400) and OsUAM3 (Os07g0604800). OsUAM1 and OsUAM3 belong to class 1 RGPs which have UAM activity, whereas OsUAM2 belongs to class 2 RGPs, which have no UAM activity (Delgado et al. 1998 , Rautengarten et al. 2011 .
We determined the expression patterns of the OsUAM genes in various vegetative tissues such as roots, leaves and leaf sheaths, and in reproductive tissues such as lemma, anthers, stigmas and ovaries, at different developmental stages using quantitative reverse transcription-PCR (RT-PCR) (Fig. 1A) . OsUAM1 and OsUAM2 showed high levels and similar patterns of expression in anthers, stigma, ovaries, mature and young leaves, leaf sheaths and internodes. These results were similar to those found for AtRGP1 and AtRGP2 (Rautengarten et al. 2011) . In contrast, OsUAM3 showed high expression in stigmas, ovaries and root. Overall, OsUAM3 expression levels were lower than those of OsUAM1 and OsUAM2. This suggested that OsUAM3 is a unique gene for reproductive development and has a distinct function from that of the gene group to which AtRGP1, AtRGP2, OsUAM1 and OsUAM2 belong ( Supplementary Fig. S2 ).
The expression patterns of the OsUAM genes were assessed by quantitative RT-PCR during the stages of pollen development according to Itoh et al. (2005) . During anther development, the expression of OsUAM3 increased in anthers when the floret length was 6-7 mm (Fig. 1B) . At this stage, pollen exhibits the formation of a uninucleated gametophyte, or the formation of an exine, an intine and a pore for pollen tube germination (Itoh et al. 2005) . The expression of OsUAM3 decreased in mature pollen when the floret length was >7 mm, suggesting that OsUAM3 is required during the late stage of pollen development.
OsUAM3 has a different function from that of OsUAM1 and OsUAM2
A search for co-expressed genes using the rice database RiceXpro (http://ricexpro.dna.affrc.go.jp/; Sato et al. 2011 , Sato et al. 2013 and Cytoscape software (http://www.cytoscape.org/; Shannon et al. 2003 , Maere et al. 2005 showed that OsUAM1 and OsUAM2 belonged to the same co-expressing gene cluster, which was separate from the OsUAM3 co-expressing gene cluster ( Supplementary Fig. S1 ). OsUAM3 was co-expressed with genes having functions related to cell wall components, such as genes encoding polygalacturonase (PG) and pectin methylesterase (PME), which are important for pectin turnover (Supplementary Table S1 ).
Specific knockdown of OsUAM3 expression using RNAi in transgenic plants
In this study, we used OsUAM-KD RNAi transgenic plants generated for a previous study (Konishi et al. 2011) . We selected the OsUAM-KD line 32-1 because it showed only a slight decline in OsUAM1 expression, UAM activity and Ara content when compared with other OsUAM-KD lines (Konishi et al. 2011 ), but did not show abnormal phenotypes in vegetative tissues.
Comparison of the expression levels of the OsUAM genes in control and OsUAM-KD 32-1 plants revealed marked and specific down-regulation of OsUAM3 expression in the transgenic plants (Fig. 2) . In contrast, the OsUAM1 and OsUAM2 expression levels were not significantly different between control and transgenic plants (Fig. 2) . Therefore, we concluded that the OsUAM-KD 32-1 line (OsUAM3-KD) was an OsUAM3-specific knockdown transformant. OsUAM3-KD and control plants showed no differences in vegetative tissues (Fig. 3) .
OsUAM3-KD plants showed abnormal floral development and decreased pectic arabinan content
OsUAM3-KD plants showed various abnormal phenotypes in reproductive organs, such as a reduction in the number of primary rachis branches and florets (Fig. 4B-D ) and curled and short anthers (Fig. 4I) . Pollen formation was abnormal in OsUAM3-KD plants, and KI-I 2 staining for starch content showed that OsUAM3-KD pollen was abnormal and accumulated little starch (Fig. 4G) . Moreover, the surfaces of mature OsUAM3-KD pollen were pitted or irregular (Fig. 5B-D) .
We determined the distribution of cell wall sugars using ruthenium red staining and monoclonal antibodies against cell wall polysaccharide epitopes related to Ara. The LM6 monoclonal antibody labels arabinan of pectin epitopes (Willats et al. 1998 , Willats et al. 1999 , Verhertbruggen et al. 2009 ), the LM1 antibody labels extensin (EXT) that is glycosylated with Ara side chains (Smallwood et al. 1995) , and the LM2 antibody labels arabinogalactan protein (AGP) (Smallwood et al. 1996 . The LM6 antibody exhibited fewer signals in the cytoplasm and cell walls in OsUAM3-KD plants than in control plants ( Fig. 6F-H) . The pollen cell walls of control plants were labeled by the LM1 antibody, but little labeling was detected in the OsUAM3-KD plants ( Supplementary Fig. S3E-H) . Down-regulation of AGP6 and AGP11 gene expression in A. thaliana caused pollen grain abortion (Levitin et al. 2008 , Coimbra et al. 2009 ); however, LM2 antibody signal was not detected in either control or OsUAM3-KD pollen. Therefore, most of the Ara present in the pollen cell walls was pectic arabinan and the abnormal pollen cell walls in OsUAM3-KD plants resulted from a reduction in Ara side chains of pectin. A low intensity of ruthenium red staining was observed in the pollen of OsUAM3-KD plants ( Supplementary Fig. S3M-T) , and a decrease in uronic acid was also detected in the spikelet of OsUAM3-KD plants ( Supplementary Fig. S4 ). Ruthenium red is reported to stain pectin (Hanke and Northcote 1975) . UV-induced autofluorescence signals and scanning electron microscopy showed decreased amounts of exine and abnormal exine deposition, respectively, in the OsUAM3-KD plants (Figs. 5F, 6N-P).
Discussion
We determined the developmental patterns of OsUAM3 expression and showed that OsUAM3 expression was higher in reproductive tissues, especially in mature pollen. The OsUAM3 co-expression network included genes involved in pectin turnover, and OsUAM3-KD RNAi knockdown transgenic lines exhibited abnormal pollen cell walls. We observed modification of cell wall polysaccharides at the cellular level using antibodies against arabinan, EXT and AGP. Our results suggest that OsUAM3 is likely to play a role in the synthesis of arabinan side chains of pectin RG-I and to be involved in reproductive developmental processes, especially the formation of the pollen cell wall.
We also determined the developmental expression patterns of all three rice UAM genes using RT-PCR. Our results showed that OsUAM1 expression was ubiquitous throughout plant development, indicating a general function in plant cell wall metabolism (Fig. 1A) . Co-expression network in silico analysis revealed that the OsUAM1 and OsUAM2 genes were coexpressed ( Supplementary Fig. S1 ). OsUAM1 has UAM activity, but OsUAM2 does not. OsUAM1 and OsUAM2 may form an OsUAM complex ). Down-regulation of OsUAM1 expression causes a reduction in Ara content and defects in vegetative development. OsUAM1-KD transgenic plants had decreased levels of arabinoxylan due to reduced amounts of Araf in their cell walls (Konishi et al. 2011 ). OsUAM3 expression was higher in reproductive tissues in which intercellular attachment requires large amounts of substrates for pectin synthesis (Fig. 1A) . Co-expression network in silico analysis showed that OsUAM3 expression is independent of the OsUAM1 and OsUAM2 co-expression network. The OsUAM3 co-expression network included genes encoding PG and PME, which decompose pectin, and a gene encoding endo-1,3-b-glucosidase, which decomposes callose (Supplementary Table S1 ). These genes are involved in pollen development in various plant species. In A. thaliana, the QRT3 gene, which encodes a PG, plays a direct role in degrading the cell wall of the pollen mother cell during microspore development (Rhee et al. 2003) . In Brassica campestris, the BcMF2 and BcMF6 genes, encoding PGs, play important roles in pollen maturation and pollen tube growth to regulate dynamic pectin metabolism (Zhang et al. 2008 , Huang et al. 2009 ). In addition, the QRT1 gene, which encodes a PME, regulates the separation of pollen tetrads (Rhee et al. 1998 , Francis et al. 2006 ) and the PME gene family is expressed in siliques during all developmental stages (Louvet et al. 2006) . Cell wall components, including pectin, change dynamically during reproductive development. Callase (b-1,3-glucanase) is secreted from the tapetum at the beginning of exine synthesis (Steiglitz and Stern 1973, Steiglitz 1977) . Lipid-transfer proteins (LTPs) are also known to be pollen allergens (Díaz-Perales et al. 2000 , Salcedo et al. 2004 ). OsUAM3-KD pollen showed abnormal development and accumulated little starch (Fig. 4G) . The starch content in pollen grains can serve as an indicator of viability and maturation of pollen (Song et al. 2001) . Our results suggest that OsUAM3 is important for pollen development and that OsUAM3 is not functionally redundant with OsUAM1 or OsUAM2.
The specific down-regulation of OsUAM3 expression caused defects in reproductive tissues. Similar expression patterns and phenotypes caused by down-regulation of cell wall-related genes have been reported previously for Arabidopsis FLA3 (Li et al. 2010) , rice OsGT1 (Moon et al. 2013 ) and rice OsCAP1 (Ueda et al. 2013) . These genes were suggested to have functions in intine formation. We analyzed the expression pattern of OsUAM3 during the stages of anther development according to Itoh et al. (2005) . OsUAM3 expression increased at the developmental stage when the floret length was 6-7 mm (Fig. 1B) . At this stage, pollen exhibits the formation of an exine, an intine and a pore for pollen tube germination (Itoh et al. 2005) . OsUAM3 expression decreased in mature pollen, when the floret length was >7 mm (Fig. 1B) . OsUAM3-KD transgenic RNAi knockdown lines exhibited pitted or irregular surfaces on mature pollen and abnormal exine deposition (Figs. 5F, 6M-P). This suggests that OsUAM3 is required during the initial development of the pollen cell wall (intine) and that the reduction of intine in the OsUAM3-KD lines reduced its capacity to act as a template that guides the accumulation of sporopollenin, the main structural component of the pollen cell wall.
OsUAMs interconvert UDP-Araf and UDP-Arap and have been implicated in the biosynthesis of Araf residue-containing polysaccharides ). Pectin and glycoproteins such as AGP and EXT that are localized to the intine layer and cytosol in pollen have Ara side chains (Abreu and Oliveira 2004) . Specific down-regulation of OsUAM3 expression resulted in reduced arabinan and EXT levels and in pitted or irregular pollen surfaces (Figs. 5B-D, 6F-H; Supplementary Fig.  S3E-H) . AGP-specific antibody signal was not detected in either control or mature OsUAM3-KD pollen ( Supplementary  Fig. S3I-L) . However, the LM2 epitope is not an arabinosyl residue but a urononyl residue in AGP. We could not detect whether OsUAM3 suppression affected arabinose content in AGP. The pollen grains of the arabinokinase-like gene mutant, cap1, are collapsed. L-Arabinokinase phosphorylates L-Ara to generate L-Ara 1-phosphate, which is converted to UDP-L-arabinose by USP (Reiter 2008 , Kotake et al. 2007 , Ueda et al. 2013 , suggesting that Ara metabolism plays an important role in pollen development. Arabinan is thought to maintain fluidity within the pectin network in the cell wall (Iwai et al. 2001 , Jones et al. 2003 , Moore et al. 2008 ). OsUAM3 suppression might be affected in homogalacturonan biosynthesis, because a low intensity of ruthenium red staining and a decrease in uronic acid was observed in OsUAM3-KD plants ( Supplementary Figs. S3M-T, S4 ). The reduction of pectic arabinan in pollen cell walls and the cytosol may affect the pectin network and the mechanical properties of pollen.
We used RNAi rice plants in which UAM3 expression was specifically suppressed to investigate the effects of reduced levels of Araf residues on cell wall structure and on reproductive development. The OsUAM3-KD RNAi plants were infertile due to pollen abortion. Suppression of OsUAM3 expression is likely to decrease the Ara content in pectin RG-I. Our results suggest that pectic arabinan is required for reproductive tissue development. 
Materials and Methods

Co-expression analysis
To construct co-expression networks, we calculated the Pearson correlation coefficient (PCC) values for all combinations of the 29,864 unique probes present on the rice 44 K oligo microarray. Two PCC thresholds of 0.48 and 0.65 were estimated that corresponded to the 95th and 99th percentiles of a random PCC distribution derived for 1,000 random genes (approximately 1,000Â999Â0.5 gene pairs). In some previous co-expression studies (Aoki et al. 2007, Fu and Xue 2010) , any two genes with a PCC value >0.6 between their expression profiles were considered to be co-expressed genes. Therefore, we set a PCC threshold of 0.64 corresponding to the 99th percentile of a random PCC distribution. For all gene pairs with a significant PCC value, we also calculated mutual rank (MR) values as another indicator of co-expression to reduce the number of false positives further, according to a previous report (Obayashi and Kinoshita 2009) . If the absolute value of MR was >10, the gene pair was considered to be a significant connection for the co-expression network.
Plant materials and growth conditions
OsUAM-RNAi and empty vector transgenic lines were generated in a previous study (Konishi et al. 2011) . Plants were cultivated in a greenhouse during the natural growing season at 20-30 C and a light intensity of approximately 1,000 mmol s -1 m -2 .
Quantitative real-time RT-PCR
Plant materials were frozen in liquid nitrogen and ground with a TissueLyser II (Qiagen) at 30 Hz for 1 min. Total RNA was prepared using an RNeasy Plant Mini Kit (Qiagen) including a DNA elimination step (recombinant DNase I, Roche). cDNA was synthesized from 2 mg of total RNA using a ReverTra Ace kit (Toyobo) with a dT primer. Real-time RT-PCR was performed using the Applied Biosystems 7500 Real-Time PCR System with GoTaq qPCR master Mix (Promega TM ) according to the manufacturer's instructions. All data were normalized with respect to actin, which served as an internal standard. The sequences of primers and PCR conditions were identical to those used in a previous study (Konishi et al. 2011 ).
Pollen starch staining
Anthers collected before anthesis were fixed in 4% (w/v) paraformaldehyde at 4 C overnight. Pollen was shaken from anthers onto glass slides after rupturing the anthers using a needle. Between 200 and 400 pollen grains per anther were stained with 1% (w/v) KI-I 2 solution and inspected by light microscopy.
Scanning electron microscopy
Anthers were fixed in 4% (w/v) paraformaldehyde in 100 mM sodium phosphate buffer (pH 7.0) at 4 C. They were then washed for 10 min in the same buffer. After dehydrating the cells by passing the seedlings through an increasing ethanol series, the ethanol was replaced with t-butyl alcohol and the samples were dried in a freeze dryer (VFD-21S; Sinkuu device). Finally, the anthers were coated with platinum/palladium using an ion-sputtering system (E-102; Hitachi) and observed with a scanning electron microscope (JSM-6340F; JEOL). 
Immunohistochemistry and cell wall polysaccharide staining
Spikelets collected from control and OsUAM3-KD plants at the same developmental stage were fixed with 4% (w/v) paraformaldehyde. Fixed samples were dehydrated in an increasing ethanol series [30, 50, 70, 80, 90, 95 and 100% ethanol (v/v) for 10 min each]. The samples were embedded in resin (Technovit Õ 7100; Hereaus Kulzer) and polymerized at room temperature. Transverse 3 mm sections were cut using a Leica RM2145 microtome (Leica Microsystems) and stained with 0.1% (w/v) toluidine blue O in distilled water.
For immunohistochemistry, a TSATM Kit#12 with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG and Alexa Fluor 488 tyramide (Micro Probes/Invitrogen) was used according to the manufacturer's protocol. LM6 primary antibodies (Plant Probes) were used at a dilution of 1 : 5 (v/v). An HRP conjugate working solution was used at a dilution of 1 : 100 (v/v). A negative control experiment was performed without the primary antibody. All sections were observed using fluorescence microscopy (Leica-Microsystems).
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